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Dimerization of transmembrane (TM) a helices of
membrane receptors plays a key role in signaling.
We show that molecular dynamics simulations yield
models of integrin TM helix heterodimers, which
agree well with available NMR structures. We use a
multiscale simulation approach, combining coarse-
grained and subsequent atomistic simulation, to
model the dimerization of wild-type (WT) and mu-
tated sequences of the aIIb and b3 integrin TM
helices. The WT helices formed a stable, right-
handed dimer with the same helix-helix interface as
in the published NMR structure (PDB: 2K9J). In con-
trast, the presence of disruptive mutations perturbed
the interface between the helices, altering the confor-
mational stability of the dimer. The aIIb/b3 interface
was more flexible than that of, e.g., glycophorin A.
This is suggestive of a role for alternative packing
modes of the TM helices in transbilayer signaling.
INTRODUCTION
Lateral association of transmembrane (TM) a heliceswithin a lipid
bilayer has been studied from a number of perspectives (Bowie,
2005; Langosch and Arkin, 2009; Senes et al., 2004). In partic-
ular, TM helix dimerization is important in mechanisms of
signaling across membranes by membrane bound receptors,
which have ectodomains that bind extracellular ligands and are
linked to intracellular signaling domains via single TM helices
(Marks et al., 2009). Mutations in TM helices of receptors can
perturb signaling and hence result in disease phenotypes (Li
andHristova, 2006). TM helix dimerization also provides a simple
model of the lateral association step inmembrane protein folding
(Bowie, 2005), helping to cast light on the role of simple
sequence motifs, such as those involving glycine residues, in
providing stable interactions between TM helices (Curran and
Engelman, 2003; Javadpour et al., 1999; Russ and Engelman,
2000; Senes et al., 2004).
Molecular dynamics simulations and related computational
approaches provide useful tools to model the structure and
dynamics of membrane proteins (Khalili-Araghi et al., 2009; Lin-
dahl and Sansom, 2008) and can provide insights into TM helixStructure 19, 1477–1packing (Psachoulia et al., 2008, 2010). For example, a range
of simulation techniques including atomistic and coarse-grained
MD simulations (Braun et al., 2004; Cuthbertson et al., 2006;
Petrache et al., 2000; Psachoulia et al., 2008; Sengupta and
Marrink, 2010), Monte Carlo methods (Vereshaga et al., 2005),
potential of mean force calculations (Janosi et al., 2010), and
knowledge-based methods (Chugunov et al., 2007) have been
used to study the dimerization of TM helices such as glycophorin
A (GpA). GpA contains a GxxxG motif in the TM region that is
shown to be important for the packing and the stability of GpA
homodimer (Anbazhagan and Schneider, 2010; Brosig and
Langosch, 1998; Doura and Fleming, 2004; Doura et al., 2004;
Russ and Engelman, 1999, 2000).
Integrins provide an important and well-studied example of
cell surface receptors whose TM helices are involved in TM
signaling (Ginsberg et al., 2005; Harburger and Calderwood,
2009; Hynes, 2002). In mammals, there are 18 different integrin
a subunits thatmay heterodimerize with eight different b subunits
to form 24 different integrins. Integrins exist in equilibrium
between two states, an inactive low-affinity state and an active
high-affinity state (Wegener and Campbell, 2008). Transmem-
brane helix-helix association plays a crucial role in maintaining
the inactive state (Lau et al., 2009; Luo et al., 2004; Schneider
and Engelman, 2004; Yang et al., 2009). In the presence of acti-
vating proteins such as talin, integrins are believed to activate
either by dissociation or by changes in packing of the two TM
domains (see, e.g., Anthis et al., 2009; Wegener et al., 2007).
Two recent NMR structures of the aIIbb3 TM dimer explore the
role of the packing of the two integrin TM helices in maintaining
the integrin inactive state (Lau et al., 2009; Yang et al., 2009). One
structure (pdb id 2K9J; Lau et al., 2009) was obtained in a phos-
pholipid bicelle, the other (pdb id 2KNC; Zhu et al., 2009) in
a nonaqueous solvent system. Although showing some differ-
ences in the interactions beyond the TM region in the immediate
cytoplasmic region of the integrin subunits, the packing of the
TM helices is similar in the two structures. In particular, the
so-called outer membrane clasp (OMC) region shows close
packing of the two helices mediated by a Gx3G motif in the
aIIb helix. Mutational changes (e.g., aIIbG972L, aIIbG976L/I,
and b3G708L/I) in the dimer interface affect dimerization, prob-
ably because of induced steric clashes (Berger et al., 2010; Li
et al., 2005; Luo et al., 2005).
The integrin TM heterodimer is a more complex system than
GpA, and thus provides a valuable test of computational
approaches to modeling TM helix dimers of membrane recep-
tors. We have used a multiscale MD approach (combining484, October 12, 2011 ª2011 Elsevier Ltd All rights reserved 1477
Figure 1. Coarse-Grained Simulations to Self-
Assemble an Integrin a/b TM Helix Dimer
(A) Sequence of the aIIb and b3 helices used in the simu-
lations. In each sequence key residues at the helix/helix
interface are in green and those that have been mutated
are underlined.
(B) An illustration of the progress of self-assembly of a TM
helix dimer by CG-MD simulations. The initial system (0 ns)
consists of an aIIb (blue) and a b3 (red) helix in a PC bilayer
(shown as the phosphate particles in gray), separated by
an interhelix distance of approximately 60 A˚. Subsequent
snapshots illustrate the helix dimer at 300 and 500 ns.
(C and D) Helix crossing angle distribution (C) and repre-
sentative structures (D) from the CG-WT simulation (see
Table 1 for details). A positive value of the crossing angle
corresponds to left-handed (LH) helix packing and a
negative value to right-handed (RH) packing. The aIIb helix
is shown in blue, the b3 helix in red, and the aIIbG972 and
aIIbG976 residues in green. The orange spheres represent
the phosphate head groups. Note that in The RH helix
dimer the aIIb G972 and G976 residues are directed
toward the helix interface while in the LH dimer they are
directed away from the interface (i.e., toward the viewer).
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A Helix Heterodimer in a Lipid BilayerCG-MD and AT-MD simulations) to explore the aIIb/b3 integrin
TM helix heterodimer. We show that simulation methods predict
a structure similar to that observed in NMR studies and that
mutations suggested to disrupt the dimer perturb the packing
of the TM helices.
RESULTS
Dimerization of TM Helices by CG-MD
Our starting point was to use CG-MD simulations to self-
assemble integrin TM helix dimers to explore the nature of the
predicted helix packing, and, in particular, to define the role of
the Gx3Gmotif of the aIIb helix, within the outer membrane clasp
(see above). To this end, we started with the sequences of the
TM domains of the aIIb and b3 subunits (Figure 1A), as defined
in a number of structural studies (Lau et al., 2009). Note that
this excludes the nonhelical inner membrane clasp from the C
terminus of the aIIb TM helix associated with a GFFKR motif
(Lau et al., 2009).
The CG-MD simulations were performed using a high-
throughput methodology (Hall et al., 2011), which enabled auto-
matic running of multiple self-assembly simulations, this permit-
ting statistical analysis over an ensemble of approximately 100
structures. In each simulation (Figure 1B) the two helices were
initially positioned at a distance of approximately 60 A˚ away
from one another. This separation between the helices is there-
fore significantly larger than the cutoff distance for electrostatic
and van der Waals interactions, and so no interhelix interactions1478 Structure 19, 1477–1484, October 12, 2011 ª2011 Elsevier Ltd All rights reserveoccur at the beginning of the simulation. This
ensures that the initial position does not favor
dimer formation. During the simulation, the
helices diffuse randomly in the bilayer relative
to one another, until an encounter leads to for-
mation of a stable dimer occurs, usually within
a few hundred nanoseconds (see Figure S5A
available online). Visual inspection of the helixdimers reveals them to be largely right-handed (RH), as ex-
pected for packing involving a Gx3G motif (Russ and Engelman,
2000), although there was a degree of variation in helix packing,
both within individual simulations as a function of time and
between simulations within the ensemble. This dynamic aspect
of TM helix packing can also be seen if one analyses the distribu-
tion of helix crossing angles for the whole CG-WT ensemble (Fig-
ure 1C); this shows a bimodal distribution, as suggested by
preliminary studies (Psachoulia et al., 2010). The major interac-
tion mode (approximately 70% of the structures) corresponds
to right-handed packing of the helices, with a mean crossing
angle of approximately 30. We note that this agrees well
with the RH packing of the aIIbb3 TM dimer seen in NMR struc-
tures determined in lipid bicelles and in nonaqueous (CH3CN/
H2O) solution (both 27) (Lau et al., 2009; Yang et al., 2009).
The minor mode (30%) corresponding to left-handed (LH)
packing of the TM helices was not observed by NMR.
Visualization of selected RH and LH structures from the CG-
WT ensemble (Figure 1D) reveals a significant difference in the
helix/helix interface; in the RH structure, the two glycines of the
Gx3G motif of aIIb (G972 and G976) are directed toward the b3
helix while in the LH dimer they are directed away from the other
helix. To further investigate the packing of the two helices, spatial
distributions of the aIIb helix relative to the b3 helix were calcu-
lated for the CG-WT simulations. The trajectories for all of the
CG-WT simulations (see Table 1) were concatenated and the
backbone particles of the b3 helix were fitted to a reference
structure in order to calculate the probability density of thed
Table 1. Summary of Simulations
Simulation System Duration (ns)
CG-WT aIIb/b3 WT approximately
100x500
CG-aG972L aIIb (G972L)/b3 approximately
100x500
CG-aG976L aIIb (G976L)/b3 approximately
100x500
CG-aG972L,G976L aIIb (G972L-G976L)/b3 approximately
100x500
CG-bG708I aIIb /b3 (G708I) approximately
100x500
AT-RH1 aIIb/b3 WT, RH1 dimer 3x50
AT-RH2 aIIb/b3 WT, RH2 dimer 3x30
AT-LH aIIb/b3 WT, LH dimer 3x30
AT-aG972L aIIb (G972L)/b3 3x30
AT-aG976L aIIb (G976L)/b3 3x30
AT-aG972L,G976L aIIb (G972L,G976L)/b3 3x30
AT-bG708I aIIb /b3 (G708I) 3x30
AT-NMR aIIb /b3 (PDB: 2K9J) 3x50
All simulations used a DPPC lipid bilayer. System sizes ranged from
approximately 8500 particles (CG-MD simulations) to approximately
41,500 atoms (atomistic simulations).
Figure 2. Packing of the Helices in the Dimers Assembled by CG-MD
Simulations
(A) Spatial distributions of the aIIb helix relative to the b3 helix for the CG-WT
simulations. The trajectories for all of the WT CG-MD simulations (see Table 1)
were concatenated and the backbone particles of the b3 helix were fitted to
a reference structure. The diagram shows the probability density of finding the
backbone particles of the aIIb helix at a given point in the bilayer plane around
the b3 helix, color-coded such that blue represents low probability through to
red then green for a high probability. Threemaxima are seen in this distribution,
one major (RH1) and two minor (RH2 and LH).
(B) Corresponding to the three maxima in (A), three representative structures
are shown for the major RH helix dimer (RH1), a minor RH dimer (RH2), and
a LH dimer.
(C) Spatial distribution analysis for CG simulations in which key glycine resi-
dues thought to be at the helix/helix interface are mutated to leucine or
isoleucine (see Table 1 for details). In each case, the distribution is altered as
the RH1 dimer is disfavored.
See also Figures S1, S4, and S5.
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plane around the b3 helix (Figure 2A). This revealed three
maxima, one major (RH1) and two minor (RH2 and LH). These
were shown to correspond to three packing modes of the
helices, namely, the major RH helix dimer (RH1) as already dis-
cussed, a minor RH dimer (RH2), and the LH dimer. To test if
the initial position of the helices affects the dimerization of the
two helices, similar simulations with the two helices in the
same initial positions but with the b3 helix rotated by a 15 incre-
ment in each subsequent simulation were performed (approxi-
mately 100 simulations). The results were identical (see Fig-
ure S5B) with the above simulation (i.e., CG-WT), and therefore
for the remaining study we continued using the protocol as
described in Experimental Procedures.
In addition to these studies of helical transmembrane regions
involving the OMC (Lau et al., 2009), we explored the role of resi-
dues in the IMC (see Figure S1). Extending the C terminus of the
aIIb subunit by 3 residues to include aromatic residues of the
IMC did not greatly perturb the TM helix packing, and a slightly
modified RH conformation was observed to be the major form.
Extension of the a helix by a further 2 residues to include 2 basic
residues resulted in perturbed helix packing and strong interac-
tions with lipid phosphate groups. The loosening of the native
packing in the presence of the IMCwas also suggested by recent
CG simulations using the MARTINI forcefield (Chng and Tan,
2011). Thus, the remainder of this study focused on the TM
region as defined in Figure 1.
Model Assessment and Refinement by Atomistic MD
Simulations
In order to refine and evaluate further the model(s) of the aIIb/b3
TM helix dimer from the CG-MD self-assembly simulations, the
CG structures were converted to full atomistic models, usingStructure 19, 1477–1CG2AT a fragment-based procedure, which has been previously
tested for a number of membrane protein systems (Stansfeld
and Sansom, 2011). This then allowed us to perform atomistic
MD simulations of the models of the TM helix dimer. Such simu-
lations have been used previously to aid in evaluation of models
of membrane proteins (Psachoulia et al., 2010; Volynsky et al.,
2010). We performed 3 simulations of duration 30 ns for each
structure generated by CG2AT (Figure 3; Table 1).
An initial assessment of the conformational stability of the
three WT models (RH1, RH2, and LH; see above) was made by
comparing their Ca root mean squared deviations from the initial
structures in the corresponding simulations (see Figure 3A).
From this, it can be seen that the Ca rmsd for the RH1 dimer
rapidly reaches a plateau at a value of less than 3 A˚, as is484, October 12, 2011 ª2011 Elsevier Ltd All rights reserved 1479
Figure 3. Atomistic Simulations of aIIb/b3 Helix Dimers
In each graph, the conformational stability of the a/b helix dimer is analyzed in
terms of the Ca root mean square deviation (rmsd) from the initial structure as
a function of time.
(A) The rmsds are shown for the wild-type helix dimer (the CG-RH1 simulations
[pink, pale green, gray] versus the NMR structure [red, green, black]).
(B) The rmsds are shown as average across the three repeat simulations for
simulations of the mutants and the RH2 and LH models from the wild-type CG
simulations (see Table 1 for details).
See also Figures S2 and S7.
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A Helix Heterodimer in a Lipid Bilayergenerally the case for ‘‘stable’’ membrane protein models (Law
et al., 2005). We note that equivalent simulations starting from
the NMR structure of the aIIb/b3 TM helix dimer (see more
detailed discussion below) yielded a comparable Ca rmsd after
30 ns of approximately 2.5 A˚. An additional simulation, using
the OPLS forcefield, was performed. This yielded a Ca rmsd of
less that 3 A˚, characteristic of a stable dimer (Figure S7). In
contrast, the Ca rmsds for the RH2 and the LH dimer simulations
rise steadily over the course of the simulations, reaching approx-
imately 5 A˚ for RH2 and approximately 6 A˚ for LH after 30 ns. This
behavior is characteristic of an ‘‘unstable’’ membrane protein
model. Similarly, the AT-RH1 simulations yielded a relatively1480 Structure 19, 1477–1484, October 12, 2011 ª2011 Elsevier Ltdnarrow helix crossing angle distribution (see below) character-
istic of a stable RH dimer. In contrast, the crossing angle distri-
bution was considerably wider for both the RH2 and LH dimer
simulations than for RH1, ranging from 60 to 0 for the RH2
dimer, and from +10 to +60 for the LH dimer, suggesting
‘‘looser’’ helix packing (Figure S6). Previous atomistic MD simu-
lations of the aIIbb3 NMR structure (i.e., containing the GFFKR
motif) also reveal a conformationally stable dimer (Kalli et al.,
2011).
Effects of Mutations Presumed to Be at the Helix/Helix
Interface
Various studies have suggested that mutations in glycine resi-
dues thought to form the aIIb/b3 TM helix/helix interface (e.g.,
aIIbG972L, aIIbG976L/I, and b3G708L/I mutations) disrupt helix
dimerization (Berger et al., 2010; Li et al., 2005; Luo et al., 2005).
We therefore explored the structure and conformational stability
of these mutants via multiscale (i.e., CG then AT) simulation.
At the level of CG simulations the relative locations of the two
helices in the bilayer plane (Figure 2C) indicate changes in the
mode of helix packing in the mutant simulations, that disfavor
the RH1 mode that is predominant in WT. For each of the mutant
simulations, a CG structure from the favored position in the
spatial distribution analysis for each system was converted to
an atomistic structure and further (atomistic) MD simulations
were initiated (see Table 1 for details). For all of the mutant
dimers the Ca rmsd rose quickly to significantly higher values
(5–7 A˚ after 30 ns) than for the AT-RH1 simulations (3 A˚). The
crossing angle distributions for all the mutant dimer simulations
were also wider compared with the WT, ranging from 90 to
0 (Figure S2). Thus, the atomistic simulations confirm the
suggestion from CG of weaker helix packing interactions and
conformationally less stable dimers in the mutants.
Comparison with the NMR Structure
It is valuable to compare the most stable structure predicted
by the simulations (i.e., AT-RH1) to the structures from NMR
studies of the aIIb/b3 TM helix dimer, especially the structure
solved in a membrane-like environment (2K9J; Lau et al.,
2009). The environments in the simulation (a DPPC bilayer in
the fluid phase; Figure 4A) and in the NMR studies (a phospho-
lipid bicelle, containing DHPC alongside POPC or DMPC) are
similar but nonidentical (Cross et al., 2011; Raschle et al.,
2010). In addition to comparing the AT-RH1 simulation with the
experimental NMR structure, we also compared it with a simu-
lation (AT-NMR; Table 1) initiated from the NMR structure (of
just the residues in the TM helix dimer, i.e., the same residues
as in AT-RH1) in a DPPC bilayer.
Comparing one of the final structures from the AT-RH1 simu-
lations with the NMR structure (2K9J) yields a Ca rmsd of 2.2 A˚
between the simulated dimer and the same (TM helix) region of
the NMR structure (see Figure S3). Furthermore, both structures
have a crossing angle of 30 ± 3 and a helix/helix interface
formed by the same residues (Figure 4B). These crossing angles
are consistent with those seen in the NMR (2K9J) ensemble, for
which an average value 25 ± 3 is observed.
Both AT-RH1 and AT-NMR simulations yielded a low Ca rmsd
from start to end of the simulations (2.5–3 A˚; Figure 3A), indica-
tive of a conformationally stable dimer. The crossing angleAll rights reserved
Figure 4. Comparison of the AT-RH1 Structure as Predicted by
Simulation in a DPPC Lipid Bilayer with that of the NMR Structure
(2K9J; obtained in lipid bicelles (Lau et al., 2009)
(A) Snapshot of the AT-RH1 simulation system after CG2AT conversion of the
dimer from the corresponding CG-WT simulation. The helices are shown in
a DPPC bilayer; water molecules have been omitted for clarity.
(B) The NMR (2K9J) and simulated (final frame from one of the AT-RH1
simulations) structures of the aIIb/b3 TM helix dimer compared. The aIIb helix
Structure
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Structure 19, 1477–1distributions for the two simulations are very similar (Figure 4C),
as are the spatial distribution maps (data not shown). Pairwise
comparison of structures from the AT-RH1 and AT-NMR trajec-
tories yielded Ca rmsds of 1–3 A˚ for the latter halves of each
trajectory indicating that both simulations have converged to
the same structure within the range of dynamic fluctuations
observed in the simulations.
DISCUSSION
Biological Implications
The most significant outcome of this study is that the helix/helix
interface between the aIIb and b3 integrin TMhelices observed in
multiscale simulations is the same as that identified in NMR
studies (Lau et al., 2009). This demonstrates the predictive capa-
bilities of multiscale MD simulations for identification of helix
packing interactions in receptor TM helix dimers even for a heter-
odimer. It is of particular interest that the correct relative depths
of insertion of the two helices were obtained as well as the
correct register for the interfacial contacts for the heterodimer.
The current study has focused on packing of the transmem-
brane regions of aIIb and b3, and so it mainly refers to interac-
tions involving the ‘‘outer membrane clasp,’’ which includes
the Gx3G motif of aIIb. The Gx3G motif has been extensively
studied in the context of helix/helix interactions in membrane
proteins (Popot and Engelman, 2000; Russ and Engelman,
2000), especially in the model membrane protein glycophorin A
(GpA) (MacKenzie et al., 1997). It should be noted that tight RH
helix packing in GpA occurs via a close homodimeric interaction
between two identical Gx3G motifs. In the integrin dimer the
interaction is more complex due to the heteromeric nature of
the dimer, with only the aIIb helix donating a Gx3G motif. The
‘‘exposed’’ surface on the aIIb helix corresponding to this motif
is packed between the bulky hydrophobic side chains of
Met701 and Ile704 of b3 (Figure 5) with G708 of b3 packing
against the hydrophobic side chain of Leu980 in aIIb. These
interactions are largely conserved in other integrin a and b TM
helix sequences (Lau et al., 2009), and the results are in good
agreement with structure/function analyses of integrin TM helix
interactions via mutagenesis studies (Luo et al., 2005) and
TOXCAT (Li et al., 2005) and related assays (Berger et al.,
2010) of helix/helix interactions in bacterial membrane systems.
Besides the aIIb/b3 heterodimer, recent studies (Chng and Tan,
2011; Vararattanavech et al., 2010) for the TM region of the aLb2
integrin suggest similar packing to that seen in our studies for the
helices in the outer membrane clasp (OMC) region (because of
the presence of a GxxxG-like motif, i.e., SxxxG). This, in com-
bination with the fact that sequence alignment of the different
integrin a subunits reveals the presence of a small-xxx-small
motif in many integrin a subunits, suggest that this is a general
property of integrins (Vararattanavech et al., 2010). In addition,
experimental (Lau et al., 2009; Li et al., 2005; Yang et al., 2009)is shown in blue, the b3 helix in red, and the aIIbG972, aIIbG976, and b3G708
residues in yellow.
(C) Comparison of the crossing angle distributions from the AT-RH1 (blue) and
AT-NMR (red) simulations. Note that the crossing angle of the initial NMR
structure (2K9J) was 27.
See also Figure S3.
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Figure 5. Comparison of the Helix/Helix Interface in the NMR (2K9J)
Structure and a Structure from the End of One of the AT-RH1
Simulations
The G972,G976 surface (cyan) of the aIIb helix (blue) can bee seen to pack
against the M701 (yellow) and I704 (green) side chains of the b3 helix (red). The
G708 surface (cyan) of b3 is also seen to pack against aIIb. These key inter-
actions are seen in both the NMR and the simulation structure.
See also Figure S6.
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of OMC interactions is a key step in switching integrins from an
inactive to an active state. Therefore, the conclusions of this
study can be generalized for a variety of integrins and help to
explain, in combination with the existing experimental and com-
putational data, the role of the OMC in integrin activation.
The aIIb/b3 interface exhibits a somewhat greater degree of
flexibility than the GpA/GpA interface, both in the CG and AT-
MD simulations. This is not surprising as GpA forms an excep-
tionally stable helix/helix dimer, compared with, e.g., receptor
tyrosine kinase TM helix dimers (Finger et al., 2009). In contrast,
transmembrane signaling for integrins is likely to involve changes
in helix packing, possibly via a ‘‘scissoring’’ movement (Kalli
et al., 2011). This would be more compatible with a flexible
helix/helix interface and/or the existence of alternative packing
modes for the TM helices.
We note that alternative modes of TM helix interactions have
been observed in NMR structures and discussed in relation to
TM signaling by EphA2 receptor tyrosine kinases (Bocharov
et al., 2010). This is an aspect of TM helix interaction that merits
further pursuit as many widely used assays for such interactions
(e.g., the TOXCAT assay; Dews and MacKenzie, 2007; Finger
et al., 2009; Li et al., 2004; Russ and Engelman, 1999) may
average over the range of possible multiple modes of interaction.
Simulation Methods and Receptor Structural Biology
Our results demonstrate that a multiscale MD approach can be
used to model and characterize the packing and the conforma-
tional stability of TM helix dimers. The use of a high-throughput
method ensures better sampling in the CG-MD simulations.
The subsequent use of atomistic simulations leads to a refined1482 Structure 19, 1477–1484, October 12, 2011 ª2011 Elsevier Ltdstructure with high degree of similarity with the NMR structures,
as discussed above. Thus, we combine the strengths of the two
methods with CG simulations used for assessing assembly and
crossing angles, etc. of TM helices while the more accurate AT
simulation are used to assess the relative stabilities of the resul-
tant dimers. This approach is a valuable addition to the ongoing
efforts to use computational approaches to model membrane
proteins structures and in particular the conformation, dynamics
and energetics of helix/helix interactions in the TM domains of
receptors.
The integrin heterodimer is a good test case for modeling TM
helix dimerization, as it contains a more complex interaction
motif than that in GpA or other similar homodimers (e.g., synde-
cans (Dews and MacKenzie, 2007; Psachoulia et al., 2010).
There have been a number of approaches adopted to modeling
the integrin TM helix heterodimer (see, e.g., Gottschalk, 2005;
Gottschalk and Kessler, 2004 for an early approach) and indeed
more recent studies combining modeling and data-based fil-
tering (Metcalf et al., 2009) have shown good agreement with
NMR structures.
In the current study, we have shown that a purely simulation-
based approach including explicit treatment of the bilayer envi-
ronment can yield an ‘‘NMR accuracy’’ structure for the integrin
TM helix dimer. There have also been recent studies using simu-
lations to select between alternative models (LH and RH) of the
EphA2 helix homodimer. In combination, such studies indicate
that simulation-based approaches can complement experi-
mental data, providing structural insights into membrane re-
ceptor dimers (Jura et al., 2009), and thereby enabling us to
establish the link between receptor structure and mechanisms
of cellular function.
EXPERIMENTAL PROCEDURES
Coarse-Grained MD Simulations
CG simulations used a local modification (Bond et al., 2008) of the MARTINI
(Monticelli et al., 2008) forcefield, CGmodels were constructed for the a-helical
regions of aIIb and b3 integrins. These were inserted, parallel and at a distance
of approximately 60 A˚ to one another, in a phospholipid bilayer containing
approximately 128 DPPC molecules. After the insertion the N and C termini
of the two helices were located in the lipid head group region. The N and C
termini of the peptide were not acetylated or amidated. A high-throughput
framework was used to run the CG-MD simulations, which allowed approxi-
mately 100 simulations of 500 ns each to be performed (Hall et al., 2011). All
CG-MD simulations started with the same initial position but with different
initial velocities. Analysis for the convergence of the CG simulations suggests
that our results converge after using 50% of the simulations for each
system (Figure S4). CG-MD simulations were performed using GROMACS
(www.gromacs.org) (Lindahl et al., 2001; van der Spoel et al., 2005). The elec-
trostatic/Coulombic interactions were shifted to zero between 0 and 12 A˚ and
the Lenard-Jones interactions between 9 and 12 A˚. A Berendsen thermostat
(Berendsen et al., 1984) and barostat (reference temperature 323 K and refer-
ence pressure 1 bar) was used for temperature (coupling constant 1 ps) and
pressure (coupling constant 10 ps) coupling. The integration step was 20 fs.
From CG to Atomistic Representation
The conversion from CG to atomistic representation was made as described
previously (Stansfeld and Sansom, 2011). Briefly, the lipids were constructed
by alignment of the coarse-grained particles with energy-minimized atomistic
fragments. The CG protein was converted to atomistic using PULCHRA http://
cssb.biology.gatech.edu/skolnick/files/PULCHRA/) and MODELER (http://
www.salilab.org/modeller/) and then was energy-minimized using the conju-
gant gradient method.All rights reserved
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After the conversion to atomistic representation three simulations for each
system starting from the same initial position but with different initial configu-
rations (i.e., different initial velocities) were performed. The simulations were
performed using the GROMOS96 43a1 forcefield (Scott et al., 1999). The
LINCS algorithm (Hess et al., 1997) was used to constrain bond lengths and
long-range electrostatic were modeled up to 10 A˚ using the Ewald Particle
Mesh (PME). The same cutoff distance was used for the van der Waals inter-
actions. The Parrinello-Rahman barostat and the Berendsen thermostat were
used for pressure and temperature coupling. The reference temperature was
323 K. Before every production simulation every systemwas energyminimized
using the conjugant gradient method and subsequently equilibrated with the
protein Ca atoms restrained for 0.5 ns (force constant = 1000 kJ/mol/A2).
Production simulations for 30 ns were performed. The analysis was performed
using GROMACS, VMD (Humphrey et al., 1996), and locally written codes.SUPPLEMENTAL INFORMATION
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article online at doi:10.1016/j.str.2011.07.014.ACKNOWLEDGMENTS
This work was funded by the Wellcome Trust (via grants to M.S.P.S. and
A.C.K.) and via the BBSRC via the Oxford Centre for Integrative Systems
Biology. The authors thank Jason Schnell for his interest in this work and his
insightful comments on the manuscript.
Received: May 8, 2011
Revised: June 27, 2011
Accepted: July 13, 2011
Published: October 11, 2011
REFERENCES
Anbazhagan, V., and Schneider, D. (2010). Themembrane environment modu-
lates self-association of the human GpA TM domain-Implications for
membrane protein folding and transmembrane signaling. Biochim. Biophys.
Acta Biomembranes 1798, 1899–1907.
Anthis, N.J., Wegener, K.L., Ye, F., Kim, C., Goult, B.T., Lowe, E.D., Vakonakis,
I., Bate, N., Critchley, D.R., Ginsberg, M.H., and Campbell, I.D. (2009). The
structure of an integrin/talin complex reveals the basis of inside-out signal
transduction. EMBO J. 28, 3623–3632.
Berendsen, H.J.C., Postma, J.P.M., van Gunsteren, W.F., DiNola, A., and
Haak, J.R. (1984). Molecular dynamics with coupling to an external bath.
J. Chem. Phys. 81, 3684–3690.
Berger, B.W., Kulp, D.W., Span, L.M., DeGrado, J.L., Billings, P.C., Senes, A.,
Bennett, J.S., and DeGrado, W.F. (2010). Consensus motif for integrin trans-
membrane helix association. Proc. Natl. Acad. Sci. USA 107, 703–708.
Bocharov, E.V., Mayzel, M.L., Volynsky, P.E., Mineev, K.S., Tkach, E.N.,
Ermolyuk, Y.S., Schulga, A.A., Efremov, R.G., and Arseniev, A.S. (2010).
Left-handed dimer of EphA2 transmembrane domain: Helix packing diversity
among receptor tyrosine kinases. Biophys. J. 98, 881–889.
Bond, P.J., Wee, C.L., and Sansom, M.S.P. (2008). Coarse-grained molecular
dynamics simulations of the energetics of helix insertion into a lipid bilayer.
Biochemistry 47, 11321–11331.
Bowie, J.U. (2005). Solving the membrane protein folding problem. Nature
438, 581–589.
Braun, R., Engelman, D.M., and Schulten, K. (2004). Molecular dynamics simu-
lations of micelle formation around dimeric Glycophorin A transmembrane
helices. Biophys. J. 87, 754–763.
Brosig, B., and Langosch, D. (1998). The dimerization motif of the glycophorin
A transmembrane segment in membranes: importance of glycine residues.
Protein Sci. 7, 1052–1056.Structure 19, 1477–1Chng, C.-P., and Tan, S.-M. (2011). Leukocyte integrin aLb2 transmembrane
association dynamics revealed by coarse-grained molecular dynamics
simulations. Proteins 79, 2203–2213.
Chugunov, A.O., Novoseletsky, V.N., Nolde, D.E., Arseniev, A.S., and Efremov,
R.G. (2007). Method to assess packing quality of transmembrane a-helices in
proteins. 1. Parametrization using structural data. J. Chem. Inf. Model. 47,
1163–1170.
Cross, T.A., Sharma, M., Yi, M., and Zhou, H.X. (2011). Influence of solubilizing
environments on membrane protein structures. Trends Biochem. Sci. 36,
117–125.
Curran, A.R., and Engelman, D.M. (2003). Sequence motifs, polar interactions
and conformational changes in helical membrane proteins. Curr. Opin. Struct.
Biol. 13, 412–417.
Cuthbertson, J.M., Bond, P.J., and Sansom, M.S.P. (2006). Transmembrane
helix-helix interactions: comparative simulations of the glycophorin a dimer.
Biochemistry 45, 14298–14310.
Dews, I.C., and Mackenzie, K.R. (2007). Transmembrane domains of the syn-
decan family of growth factor coreceptors display a hierarchy of homotypic
and heterotypic interactions. Proc. Natl. Acad. Sci. USA 104, 20782–20787.
Doura, A.K., and Fleming, K.G. (2004). Complex interactions at the helix-helix
interface stabilize the glycophorin A transmembrane dimer. J. Mol. Biol. 343,
1487–1497.
Doura, A.K., Kobus, F.J., Dubrovsky, L., Hibbard, E., and Fleming, K.G. (2004).
Sequence context modulates the stability of a GxxxG-mediated transmem-
brane helix-helix dimer. J. Mol. Biol. 341, 991–998.
Finger, C., Escher, C., and Schneider, D. (2009). The single transmembrane
domain of human tyrosine kinases encode self interactions. Sci. Signal. 2
(ra56), 51–58.
Ginsberg, M.H., Partridge, A., and Shattil, S.J. (2005). Integrin regulation. Curr.
Opin. Cell Biol. 17, 509–516.
Gottschalk, K.E. (2005). A coiled-coil structure of the alphaIIbbeta3 integrin
transmembrane and cytoplasmic domains in its resting state. Structure 13,
703–712.
Gottschalk, K.E., and Kessler, H. (2004). Evidence for hetero-association of
transmembrane helices of integrins. FEBS Lett. 557, 253–258.
Hall, B.A., Chetwynd, A.P., and Sansom, M.S.P. (2011). Exploring peptide-
membrane interactions with coarse-grained MD simulations. Biophys. J.
100, 1940–1948.
Harburger, D.S., and Calderwood, D.A. (2009). Integrin signalling at a glance.
J. Cell Sci. 122, 159–163.
Hess, B., Bekker, H., Berendsen, H.J.C., and Fraaije, J.G.E.M. (1997). LINCS:
A linear constraint solver for molecular simulations. J. Comput. Chem. 18,
1463–1472.
Humphrey, W., Dalke, A., and Schulten, K. (1996). VMD: visual molecular
dynamics. J. Mol. Graph. 14, 33–38, 27–28.
Hynes, R.O. (2002). Integrins: bidirectional, allosteric signaling machines. Cell
110, 673–687.
Janosi, L., Prakash, A., and Doxastakis, M. (2010). Lipid-modulated sequence-
specific association of glycophorin A in membranes. Biophys. J. 99, 284–292.
Javadpour, M.M., Eilers, M., Groesbeek, M., and Smith, S.O. (1999). Helix
packing in polytopic membrane proteins: role of glycine in transmembrane
helix association. Biophys. J. 77, 1609–1618.
Jura, N., Endres, N.F., Engel, K., Deindl, S., Das, R., Lamers, M.H., Wemmer,
D.E., Zhang, X.W., and Kuriyan, J. (2009). Mechanism for activation of the EGF
receptor catalytic domain by the juxtamembrane segment. Cell 137, 1293–
1307.
Kalli, A.C., Campbell, I.D., and Sansom, M.S.P. (2011). Multiscale simulations
suggest a mechanism for integrin inside-out activation. Proc. Natl. Acad. Sci.
USA 108, 11890–11895.
Khalili-Araghi, F., Gumbart, J., Wen, P.C., Sotomayor, M., Tajkhorshid, E., and
Schulten, K. (2009). Molecular dynamics simulations of membrane channels
and transporters. Curr. Opin. Struct. Biol. 19, 128–137.484, October 12, 2011 ª2011 Elsevier Ltd All rights reserved 1483
Structure
A Helix Heterodimer in a Lipid BilayerLangosch, D., and Arkin, I.T. (2009). Interaction and conformational dynamics
of membrane-spanning protein helices. Protein Sci. 18, 1343–1358.
Lau, T.-L., Kim, C., Ginsberg, M.H., and Ulmer, T.S. (2009). The structure of the
integrin alphaIIbbeta3 transmembrane complex explains integrin transmem-
brane signalling. EMBO J. 28, 1351–1361.
Law, R.J., Capener, C., Baaden, M., Bond, P.J., Campbell, J., Patargias, G.,
Arinaminpathy, Y., and Sansom, M.S.P. (2005). Membrane protein structure
quality in molecular dynamics simulation. J. Mol. Graph. Model. 24, 157–165.
Li, E., and Hristova, K. (2006). Role of receptor tyrosine kinase transmembrane
domains in cell signaling and human pathologies. Biochemistry 45, 6241–
6251.
Li, R.H., Gorelik, R., Nanda, V., Law, P.B., Lear, J.D., DeGrado, W.F., and
Bennett, J.S. (2004). Dimerization of the transmembrane domain of Integrin
alphaIIb subunit in cell membranes. J. Biol. Chem. 279, 26666–26673.
Li, W., Metcalf, D.G., Gorelik, R., Li, R., Mitra, N., Nanda, V., Law, P.B., Lear,
J.D., Degrado, W.F., and Bennett, J.S. (2005). A push-pull mechanism for
regulating integrin function. Proc. Natl. Acad. Sci. USA 102, 1424–1429.
Lindahl, E., and Sansom, M.S.P. (2008). Membrane proteins: molecular
dynamics simulations. Curr. Opin. Struct. Biol. 18, 425–431.
Lindahl, E., Hess, B., and van der Spoel, D. (2001). GROMACS 3.0: a package
for molecular simulation and trajectory analysis. J. Mol. Model. 7, 306–317.
Luo, B.-H., Springer, T.A., and Takagi, J. (2004). A specific interface between
integrin transmembrane helices and affinity for ligand. PLoS Biol. 2, e153.
Luo, B.-H., Carman, C.V., Takagi, J., and Springer, T.A. (2005). Disrupting in-
tegrin transmembrane domain heterodimerization increases ligand binding
affinity, not valency or clustering. Proc. Natl. Acad. Sci. USA 102, 3679–3684.
MacKenzie, K.R., Prestegard, J.H., and Engelman, D.M. (1997). A transmem-
brane helix dimer: structure and implications. Science 276, 131–133.
Marks, F., Klingmu¨ller, U., and Mu¨ller-Decker, K. (2009). Cellular Signal
Processing (New York: Garland Science).
Metcalf, D.G., Kulp, D.W., Bennett, J.S., and DeGrado, W.F. (2009). Multiple
approaches converge on the structure of the integrin alphaIIb/b3 transmem-
brane heterodimer. J. Mol. Biol. 392, 1087–1101.
Monticelli, L., Kandasamy, S.K., Periole, X., Larson, R.G., Tieleman, D.P., and
Marrink, S.J. (2008). The MARTINI coarse grained force field: extension to
proteins. J. Chem. Theory Comput. 4, 819–834.
Petrache, H.I., Grossfield, A., MacKenzie, K.R., Engelman, D.M., and Woolf,
T.B. (2000). Modulation of glycophorin A transmembrane helix interactions
by lipid bilayers: molecular dynamics calculations. J. Mol. Biol. 302, 727–746.
Popot, J.L., and Engelman, D.M. (2000). Helical membrane protein folding,
stability, and evolution. Annu. Rev. Biochem. 69, 881–922.
Psachoulia, E., Fowler, P.W., Bond, P.J., and Sansom, M.S.P. (2008). Helix-
helix interactions in membrane proteins: coarse-grained simulations of glyco-
phorin a helix dimerization. Biochemistry 47, 10503–10512.
Psachoulia, E., Marshall, D.P., and Sansom, M.S.P. (2010). Molecular
dynamics simulations of the dimerization of transmembrane a-helices. Acc.
Chem. Res. 43, 388–396.
Raschle, T., Hiller, S., Etzkorn, M., and Wagner, G. (2010). Nonmicellar
systems for solution NMR spectroscopy of membrane proteins. Curr. Opin.
Struct. Biol. 20, 471–479.1484 Structure 19, 1477–1484, October 12, 2011 ª2011 Elsevier LtdRuss, W.P., and Engelman, D.M. (1999). TOXCAT: a measure of transmem-
brane helix association in a biological membrane. Proc. Natl. Acad. Sci. USA
96, 863–868.
Russ, W.P., and Engelman, D.M. (2000). The GxxxG motif: a framework for
transmembrane helix-helix association. J. Mol. Biol. 296, 911–919.
Schneider, D., and Engelman, D.M. (2004). Involvement of transmembrane
domain interactions in signal transduction by alpha/beta integrins. J. Biol.
Chem. 279, 9840–9846.
Scott, W.R.P., Hunenberger, P.H., Tironi, I.G., Mark, A.E., Billeter, S.R.,
Fennen, J., Torda, A.E., Huber, T., Kruger, P., and van Gunsteren, W.F.
(1999). The GROMOS biomolecular simulation program package. J. Phys.
Chem. A 103, 3596–3607.
Senes, A., Engel, D.E., and DeGrado,W.F. (2004). Folding of helical membrane
proteins: the role of polar, GxxxG-like and proline motifs. Curr. Opin. Struct.
Biol. 14, 465–479.
Sengupta, D., and Marrink, S.J. (2010). Lipid-mediated interactions tune the
association of glycophorin A helix and its disruptive mutants in membranes.
Phys. Chem. Chem. Phys. 12, 12987–12996.
Stansfeld, P.J., and Sansom,M.S.P. (2011). From coarse-grained to atomistic:
a serial multi-scale approach to membrane protein simulations. J. Chem.
Theory Comput., in press.
Van Der Spoel, D., Lindahl, E., Hess, B., Groenhof, G., Mark, A.E., and
Berendsen, H.J. (2005). GROMACS: fast, flexible, and free. J. Comput.
Chem. 26, 1701–1718.
Vararattanavech, A., Chng, C.-P., Parthasarathy, K., Tang, X.-Y., Torres, J.,
and Tan, S.-M. (2010). A transmembrane polar interaction is involved in the
functional regulation of integrin alpha L beta 2. J. Mol. Biol. 398, 569–583.
Vereshaga, Y.A., Volynsky, P.E., Nolde, D.E., Arseniev, A.S., and Efremov,
R.G. (2005). Helix interactions in membranes: Lessons from unrestrained
Monte Carlo simulations. J. Chem. Theory Comput. 1, 1252–1264.
Volynsky, P.E., Mineeva, E.A., Goncharuk, M.V., Ermolyuk, Y.S., Arseniev,
A.S., and Efremov, R.G. (2010). Computer simulations and modeling-assisted
ToxR screening in deciphering 3D structures of transmembrane a-helical
dimers: ephrin receptor A1. Phys. Biol. 7, 16014.
Wegener, K.L., and Campbell, I.D. (2008). Transmembrane and cytoplasmic
domains in integrin activation and protein-protein interactions (review). Mol.
Membr. Biol. 25, 376–387.
Wegener, K.L., Partridge, A.W., Han, J., Pickford, A.R., Liddington, R.C.,
Ginsberg, M.H., and Campbell, I.D. (2007). Structural basis of integrin activa-
tion by talin. Cell 128, 171–182.
Yang, J., Ma, Y.-Q., Page, R.C., Misra, S., Plow, E.F., and Qin, J. (2009).
Structure of an integrin alphaIIb beta3 transmembrane-cytoplasmic hetero-
complex provides insight into integrin activation. Proc. Natl. Acad. Sci. USA
106, 17729–17734.
Zhu, J., Luo, B.H., Barth, P., Schonbrun, J., Baker, D., and Springer, T.A.
(2009). The structure of a receptor with two associating transmembrane
domains on the cell surface: integrin alphaIIbbeta3. Mol. Cell 34, 234–249.All rights reserved
